The present research deals with turbulent friction reduction for bypass transition on a flat plate with a textile surface. Unique boundary layers such as those found in swimsuits, sail wings, or skiwear, where certain boundary layer trip structure-like folded edges or masts of a sailboat exist, contain limited turbulence level in the boundary layer even under laminar conditions. A turbulent transition delay in such boundary layers is observed for textile surfaces.
Introduction
The reduction in fluid dynamic resistance is not only an important research subject associated with the improvement in the performance of various transport machines and energy conversion apparatus, but attracts major concern in the world of sports. For example, an excellent record was set in the Sydney Olympic Games 2000 by swimmers wearing sharkskin swimming suits (1) which decreases turbulent flow resistance by the presence of riblets on the surface of the suits. Also, in the Salt Lake Winter Olympic Games, multiple participants had on suits with vortex generators for suppressing separation and reducing pressure drag.
The authors have carried out research on turbulent transition and its control of a three-dimensional boundary layer (2) - (5) , and on the drag reduction by minute surface roughness (6) , (7) for the purpose of improving the wing performance of an airplane and the turbulent friction drag reduction of an airplane fuselage. In this process, by experimentation using a rough textile surface, it was found that there is a region where resistance decreases in the lowReynolds-number region, before turbulent transition (8) .
By dividing the flow field into the freestream and boundary layer, and arranging combinations with their turbulence intensity, flow fields can be classified into the following.
I. The turbulence intensity of the entire flow field is small.
II. The turbulence intensity of the entire flow field is large.
III. The turbulence intensity is large only in the boundary layer.
IV. The turbulence intensity is large only in the freestream.
Among these classifications, Case IV hardly happens in reality. In Case I, laminar flow transitions to turbulent flow by T-S-wave-type instability occurs (9) , (10) . In Case II, a streaky-structure-type turbulent transition called bypass transition occurs (11) - (13) . Case III have hardly been investigated in the past. However, Case III exist frequently in the world of sports, for example, in swimming or sailing. In the case of swimming, the lapel portion of the collar of the swimming suit introduces disturbance only into the boundary layer. In sailing, the mast or seams of the lapel section at the sail edge become the source of disturbance. In such cases, it is not shown clearly how process turbulent transition is carried out. Therefore, in this research, detailed experiments are conducted mainly on Case III. 
Nomenclature

1 Flat plate for measurement and trip devices
This experiment was carried out using the lowturbulence wind tunnel at the Institute of Fluid Science, Tohoku University (14) . The outline of the experimental setup is shown in Fig. 1 . The flat plate used for measurement was an aluminum plate of 3 m length, 1 m width, and 14 mm thickness. The leading and trailing edges were made of urethane foam; the leading edge was an ellipse with an eccentricity of 10 : 1, and the shape of the trailing edge was a wedge of 70 mm length. The test surface was fixed onto this plate, without making a bump around the edges. In the installation of the flat plate, the inclination of the plate was adjusted so that pressure gradient did not occur in the freestream direction. It was confirmed by carrying out hot-wire measurements that the flow was not separated at the leading edge. The freestream velocity was from 5.0 to 16.4 m/s in this experiment. The average ( c ) Uniformly rough surface ( Fig. 2 (c) ): 100 mm × 300 mm sandpaper was stuck on the plate surface using double-sided tape. The total height of the uniformly rough surface was 0.7 -1.0 mm.
2 Test surface
A textile surface and a smooth surface were used as test surfaces. The textile surface had a unidirectional structure, as shown in Fig. 3 , and was pliable and elastic compared with the smooth surface. The surface roughness (Ra) of the textile surface was 59.2 µm, and u τ k/ν was 0.79 -2.59. Therefore, it was regarded as fluiddynamically smooth. On the other hand, the surface roughness of the smooth surface was 0.2 µm.
Three different means of sticking the textile surface onto the test surface were used. These are shown in smooth surface directly. Case B: The surface was smooth from the leading edge to a point 250 mm downstream of the trip device, and the surface was the textile surface after that.: The disturbance introduced by the trip device flowed over the textile surface, after growing in the region of the smooth surface of 250 mm length. Case C: The surface was smooth from the leading edge to the trip device, and the surface was the textile surface from the trip device.: The disturbance introduced from the trip device flowed over the textile surface. The surface conditions from the leading edge to the trip devices were the same. Therefore, the same distur- bance was generated, and the surface conditions differed downstream of the trip device.
3 Experimental method
The combination of the trip devices and surface conditions was changed, and the flow field was measured using a hot-wire anemometer. The visualization experiment performed by the smoke wire method was also carried out using the small-low-turbulence wind tunnel (15) . The leading edge of the plate used in the visualization was a wedge of 9
• . A smoke wire of 0.1 mm diameter was installed at a height of 0.5 mm from the plate surface. It was confirmed beforehand, that there was no Kármán vortex street generated from this wire.
Experimental Result
1 Characteristics of basic flow
The results of the flow visualization of each trip device over the smooth surface (Case A) are shown in Fig. 5 . (Smoke goes into core of the vortex). Figure 5 (c) shows the result for the uniformly rough surface. Although a two-dimensional wave-like disturbance is seen as in the case of the two-dimensional trip wire, the structure of the uniformly rough surface is not as clear as that of the twodimensional trip wire, and their turbulence intensities differ locally. From this result, it can be assumed that the disturbance that is uniform in the spanwise direction has been generated. Figure 6 shows the distribution of turbu- lence intensity in the boundary layer when using the twodimensional trip wire. The region of high turbulence intensity exists at a thickness below η = 3 up to x = 250 mm.
As it goes downstream, the region of high turbulence intensity spreads in the y direction, and the intensity also becomes high. In the case of the saw tooth trip wire and uniformly rough surface, the change in the direction of a flow of a turbulent distribution is similar to the case of the two-dimensional trip wire described above. However, for the saw tooth trip wire, the distribution of turbulent intensity is periodic in the spanwise direction, and for the uniformly rough surface, the turbulence intensity is low.
2 Control of flow field by textile surface
When constant disturbance exists in the boundary layer, as mentioned above, in the case of the textile surface, how does turbulent transition occur? The result is described below. Figure 7 shows the velocity profiles of the twodimensional trip wire case under three surface conditions (Cases A, B and C). According to this figure, in Cases B and C, turbulent transition is delayed, compared with Case A. The displacement thickness δ * , momentum thickness θ, and shape factor H are shown in Fig. 8 . Compared with the smooth surface (Case A), Cases B shows a turbulent transition delayed by 88%. The delay of turbulent transition in Case C was so great that it could not be validated from this figure. Figure 9 shows the results of the frequency analysis of velocity fluctuation, and Fig. 10 shows the photographs of flow visualization obtained by the smoke wire method. These figures show almost the same results. In short, all experiment data show that turbulent transition is greatly delayed with the textile surface for the two-dimensional trip wire.
2. 1 Case of two-dimensional trip wire type trip device
Here, the amount of drag reduction by the delay of turbulent transition is calculated. The local friction coefficient c f in a turbulent boundary layer is calculated using (16) 
The amount of frictional drag reduction by the turbulent transition delay ρU for each surface. In Case B, a 7.9×10 −2 N/m drag decrease can be obtained per unit width compared with Case A. In Case C, resistance decreased so much that it is not computable by this method.
2. 2 Case of saw tooth trip wire and uniformly rough surface
The same experiment described in the foregoing paragraph was carried out for the saw tooth trip wire and uniformly rough surface. The distribution of the shape factor for each trip device is shown in Figs. 11 and  12 . In the case of the saw tooth trip wire shown in Fig. 11 , turbulent transition position changes for different spanwise positions, and a turbulent transition delay by 29% is observed at z = 0 mm only. In the spanwise direction, compared with Case A, the average amount of drag reduction per unit width is 8. 
2. 3 Effect of textile surface
As mentioned above, the result showing that turbulent transition was delayed by a textile surface was obtained. The cause of this is considered. Compared with a smooth surface, a textile surface is flexible, elastic and has a unique structure. The characteristics of flexibility and elasticity can be consid- for the two-dimensional wave-like disturbance generated from the two-dimensional trip wire, it is thought that the surface structure in line with the flow direction suppressed the wavelike disturbance. Then, a new experiment on Case D was carried out, to investigate the effect of the direction of the surface structure of the textile surface fixed onto the flat plate. The region of the smooth and textile surfaces for Case D is the same as that for Case C, but the surface structure of textile was rotated 90 degrees.
3 Effect of direction of textile surface
The relationship between the direction of the flow and the direction of the textile surface is shown in Fig. 13 . Figure 13 (a) shows the former condition, and Fig. 13 (b) shows the condition of Case D. Figure 14 shows the detailed surface structure of the textile surface. The flow directions are a -a for Case C and b -b for Case D. The wavelength of the surface structure in a -a is longer than that in b -b .
The power spectra of velocity fluctuation for the two-dimensional trip wire are shown in Fig. 15 . At x = 190 mm ( Fig. 15 (a) ), the frequency component lower than 30 Hz for Case D is smaller than that for Case C, and at (Fig. 15 (b) ), all frequency components are smaller. These results show that the disturbance introduced to the boundary layer is suppressed in Case D.
The measurement results of the shape factor are shown in Fig. 16 . Compared with Case A, at a flow velocity of 9.8 m/s, the turbulent transition for Case C is delayed by 40% and that for Case D is delayed by 58%. The amounts of drag reduction per unit width compared with Case A are 6.4 × 10 −2 N/m for Case C and 4.6 × 10 −2 N/m for Case D. Although measurements were carried out in the cases with the other two trip devices, there was no effect on the turbulence generated by these trip devices, due to the direction of the surface structure of a textile surface. Therefore, although the direction of the structure of the textile surface affects the two-dimensional disturbance, it does not affect other disturbances. The reason for the change in the transition position of the two-dimensional disturbance with the direction of surface structure is considered. It is thought that the u velocity fluctuation close to the surface of the wall in twodimensional disturbance is weakened, because the structure of textile surface is more flexible in Case D, than in Case C. However, this is still only an inference. To confirm this, more experiments and more analyses are required.
Conclusions
An experiment on turbulent transition in the case of introducing turbulence only into the boundary layer using three trip devices (two-dimensional trip wire, saw tooth trip wire and uniformly rough surface) was carried out. The following results were acquired.
1. Textile surface delays turbulent transition. It decreases frictional drag.
2. The rate of drag reduction was the largest for the combination of the two-dimensional trip wire and Case D. The following are considered as the cause of the delay of turbulent transition.
1. The structure of a textile surface is elastic and flexible.
2. Air can flow inside the structure of a textile surface. Confirmation of the above consideration was not obtained in this research.
